Optimisation work has been increasingly directed at commercial vehicles to reduce their weight and thus enhance their performance. This optimisation, which responds to the requirements of various European standards with regard to the reduction of fuel consumption, also involves the elements mounted on these vehicles. This work discusses the development and design of a firefighting vehicle tank made from plastic material instead of the usual structure or stainless steel, essentially to reduce the weight of the structure. The design and construction feasibility of the components have been developed based on the specifications required. These specifications concern the tank capacity to resist at different load conditions and avoid any external vibrations. To ensure this, the tank consists of a number of internal welded plates in order to reduce the sloshing effect and secondly makes it modular and thus highly adaptable to the customer's needs. Specific method on the production of the component is also provided. Therefore, numerical tests were conducted with linear elastic stress analysis with square brick elements. The boundary conditions applied to the numerical model provide a complete support to the panels and are determined by the load condition of fluid used. This preliminary analysis was conducted to define the thickness of the tank panels and revealed that the use of a plastic tank leads to a weight reduction of about 35% and generates cost savings of about 25-30% compared to the steel equivalent. Therefore, the use of plastic materials compared to the classic materials seems to be very positive and this is critical information to support the final decision in a regulated sector, where the firefighting vehicles are.
INTRODUCTION
Firefighting vehicles are a special and regulated category of vehicles that must meet specific performances. They are multiple use vehicles called, for example, to operate at airports or fight forest fires. In general, they are required to have a tank to contain the firefighting liquid, which may be water or a foaming agent capable of preventing oxygen from reaching the flames and thus "smothering" the fire [1, 2] . In addition, there is also a much smaller tank, which can contain an additive to be used in association with the liquid in the main tank. The tank must also be fitted with a suitable plumbing system, both for liquid intake and delivery to the fire hoses or the "cannon" generally installed on the vehicle's roof and controlled from inside the cab [3, 4] . Additional to these fundamental components, a compartment to house the accessories (pipes, ladders, lighting equipment, etc.) is required. All these must be secured to what is normally a commercial truck chassis; automotive companies sell the "bare" vehicle, which must be fitted with the components described above. Figure 1 shows a number of different firefighting vehicles. Figure 1 . A few different types of firefighting vehicles [5] .
From the brief outline provided above, it is clear that two main factors influencing the firefighting systems are the weight of the vehicle [6] , and tank load capacity. Furthermore, reducing weight will lead to a decrease in fuel consumption and thus cut transportation costs according to the EU standards [7] . The vehicle's weight can be optimised either through its structural design with the aid of more reliable calculation methods or by using experimental data obtained by reproducing the real operating load condition as shown in a study [8] . Another factor is related to the type of materials [9] , for example, adopting a high strength steel, aluminium, plastic or composite solution, instead of the conventional stainless steel [10] [11] [12] . The aim of this study is to determine the performance and design of a firefighting vehicle tank with the lightest weight. Moreover, this study underlines benefits of the design of a plastic tank compared to conventional solution made with stainless steel [13, 14] . Also, this technological solution makes feasible larger the tank dimension that otherwise could not be made with a fibre glass solution [15] . For example, the use of plastic material inside the tank could present a positive solution for internal components as undercuts and longitudinal structures.
MATERIALS AND METHODS

Design Specification
The design specifications for the tank are as follows: total volumetric capacity 7000 l, the presence of two separate compartments (6000 l and 1000 l) to allow the use of two liquids/foam agents to extinguish fires, and suitable for connecting to and transporting on a truck. With regard to the latter, the maximum width must be less than 2550 mm and the height must be suitable for both the type of truck and subframe to be fixed to the chassis of the vehicle itself. Practically, the height must be 1500 mm. Another factor for consideration is that the tank must contain a series of pipelines for fluid intake and delivery as well as a series of gauges to indicate the level of the fluid inside it.
Methodology Used and Load Conditions
The methodology adopted has implemented a preliminary dimension of a tank made of different materials. The tank was exposed to a wide variety of load conditions, depending on the operating conditions (in terms of the level of maintenance, wear, and tear) of the vehicle and type of road on which it is travelling. The stiffness of the vehicle in terms of chassis stiffness, suspension, and type of route has been influenced by stress induced by the road. Moreover, the literature provides some analytical and experimental models to determine the effect induced by fluids on the internal plate of the tank. It is also important to underline that fluid movement and stresses are correlated to the dynamics and handling of the vehicle [16] [17] [18] . This factor is also evident in the case of a vehicle subjected to an acceleration such as during a shape or a breaking phase [19, 20] . Two other important factors related to the magnitude of these stresses are the geometry [21] and the tank filling level of filling of the tank [22] [23] [24] . On the basis of the data available in the literature and from previous works [8] , the load conditions reported in Table 1 are considered. Table 1 . Load conditions (g = gravity acceleration).
Type of load condition
Entity Direction Acceleration 0.5*g Longitudinal Braking 0.8*g Longitudinal Cornering 0.7*g Transversal Crossing of curb or bump 2.0*g Vertical Another load condition normally overlooked is the torsion to which the tank is subjected when the vehicle is climbing or cornering, or when the height of one of its wheels changes (due to a pothole or bump). In general, the torsion of the vehicle also affects the chassis and subframe (the structure interfaced between the vehicle chassis and the tank, or in more general term, the body) [25] . Since the tank is generally stiffer than the chassis (the cross-section of the tank is virtually circular, while the chassis consists of two parallel C-rails), the tank becomes the torsion-limiting element and thus is subjected to the stresses induced by the twisting of the vehicle. The conditions described above were used when calculating and verifying the tank dimensions.
Main Characteristics of New Tank
The volumetric capacity of the new tank depends on the customer's specifications; in this case, they are 7000 l. The key structural factor is that the tank must withstand the stresses generated both by the liquid inside it and the truck when travelling on the road with a satisfactory safety factor. The fixing of the tank to the vehicle's subframe is particularly important. The tank is secured with bolts, which are the focal point of all the forces generated by the oscillation of the tank [26] . It must also be designed and controlled considering the real operating conditions, such as the corrosion phenomena [27] . For example, if the salt applied to roads comes into contact with steel bolts, it increases their rate of corrosion considerably; corresponding to a reduction in strength is needed. An additional factor is that the tank must contain a series of baffles and/or partitions, intended not only to stiffen the structure but also, and above all, distribute the shaking motion of the liquid over a number of surfaces. For example, if the truck breaks sharply having a tank without baffles, the dynamic action generated by all the fluid will act on the front wall of the tank, whereas if internal baffles are provided, only a portion of the stresses generated will reach the tank's front wall. Therefore, chemical resistance and non-toxicity may be the key factors in this new kind of tank. The geometry of baffles also plays an important role in avoiding the effect of fluid slosh [28, 29] . Moreover, the effects of baffles on the performance of the vehicle have been presented in the literature, in particular on the dynamic behaviour of the braking phase [30, 31] .
Characteristics of the Material Used
It was decided that the material used for the construction of the tank should be changed in order to reduce its weight and also optimise its shape. Suitable structural materials available on the market as alternatives to conventional structural steel include high strength steel (with tensile stress about 3/2 times that of conventional construction steels), aluminium alloys, composite materials, and plastics [32] [33] [34] [35] . The choice of material depends on a number of factors, some of which are listed below. The first is the overall cost, not only of purchasing the material but also relating to design, interfacing with the truck chassis, and construction of the tank (aspects correlated to technical factors), and post-construction treatments. Some of the main parameters which must be considered with regard to the structural aspects are the density (correlated to the weight of the tank), Young's modulus (correlated to the deformation of the component) and strength of the material itself. The conventional method for optimising the ratio between the material's density and its strength is the use of the Ashby plots [36, 37] , which reveal that composite material, i.e., polymer reinforced with carbon or glass fibre, is one of the best-performing materials. However, this is particularly expensive, and the construction of the tank would require considerable investment in equipment, which could only be recovered if a large number of highly standardised components were produced. Moreover, the construction of the internal baffles, especially the joints between them and the walls of the tank, would be technologically problematic if a composite was used. Other important factors are related to the coating and finishing to be used, either to give the tank "immunity" to the corrosive phenomena triggered by the fluid or foam it contains, or to make it suitable for the transportation of liquids for human consumption (water). Last but not least, the choice of material also depends on the supplier/producer's capability to produce the material required to construct the tank on a reliable basis. In response to the factors outlined above, the material chosen for the construction of the tank was plastic, specifically polypropylene copolymer (PPC). Its main characteristics are reported in Table 2 [38, 39] . Other factors which should not be overlooked when choosing plastic are related to ageing, the glass transition temperature, etc. In terms of the specific use of the tank, the liquid it contains should also be considered. For example, some foaming agents are acids (1.4 times the pH of water), or at times the tanker trucks may be used for transporting drinking water. The main mechanical characteristics are reported in Table 3 . 
RESULTS AND DISCUSSION
Dimensioning of the Tank
Considering the component and material used, the tank consists of a series of plates/sheets welded together to create the complete unit. Therefore, the preliminary and dimensioning analyses can be carried out by using plates and applying a pressure on the surface which depends both on the plate's position and load condition considered [40] . These analyses were performed using conventional plate theory and finite element analysis. The software used was Simulation, included in the SolidWorks, a solid modelling produced by Dassault Systems. Numerical analyses were carried out with a linear elastic stress with square brick elements. Preliminary analysis also determined the dimension of the element to obtain a correspondence of results when the dimension of the tank changed. This correspondence was evaluated compared to the theoretical displacements on a simple rectangular geometry shape with those acquired from the FEM model [41] . The minimal dimension of the element was about 5 mm and considered the computational cost of analysis and analysis time. This result was almost ½ of the minimum thickness of of the tank panels. Therefore, this preliminary analysis is important to determine the thickness of the panels. The boundary condition applied in the numerical model provides a support on the entire panel, while the load condition is a function of the position of the panel. In general, load condition on the panels can be defined by the stress of the fluid as presented in Table 1 . An example of this analysis is provided in Figure 1 , which illustrates the maximum stress and displacement on the bottom wall of the tank (size 1500 x 850 mm). The FEM model of this component is composed of 161000 elements for a total of about 795000 degrees of freedom. Figure 2 shows the uniform stress on the plate. Also, it presents the maximum displacement in correspondence to the central area (this is related to the thickness of the panel itself). Moreover, in Figure 2 , the stress intensity factor generated by the holes is also presented. These holes have the function of filling, emptying, transferring or mixing fluids inside both tanks (6000 l and 7000 l). The aim of this preliminary analysis is to determine the wall thickness. There are three constraints: the first is that the material must be able to withstand the forces acting on the plate; the second is that there must not be excessive displacement (a design value of 1/1000 on the longest side of the plate was adopted); and the third is that the thickness used must be commercially available. The limitation of the maximum displacement reduced the maximum stress on the component and in particular on wall panels of the tank. Table 1 shows that the minimum safety coefficient of the last load and with all load conditions as 1, 5, respectively. Figure 2 illustrates the numerical analyses performed on an internal baffle. It shows the apertures were provided to allow the fluid to move between the various sections of the tank. The form of these apertures was decided by means of a series of fluid dynamic/structural analyses [28, 29, 42] , both to provide the highest possible head loss and guarantee an appropriate safety factor. Based on the determination of internal and external plates, an overall analysis was performed on the structural mechanical behaviour of the tank (in terms of stresses and displacements). Moreover, a number of structural phenomena were assessed in this study, for example, the interaction between the external and internal plates and phenomena related to the plates' instability. Furthermore, the overall dynamic behaviour was assessed. Due to the adoption of a series of modal analyses, the primary structure self-frequencies and its primary vibration modes were analysed. Furthermore, all the dynamic forces which may have an effect on the tank from the road (wheels, tires and suspensions) or from the engine were determined. The FEM model was elaborated in order to follow the preliminary analysis of the single main panels and in particular the size and numerical elaboration of the finite element. During the analysis, the entire tank adopted a dimension of 5 mm in the areas with a high-stress gradient. The constraint conditions imposed were rigid constraints in the attachment point (i.e., on the base of the tank). The images in Figure 3 illustrate the displacements calculated for the tank when the truck is cornering with the acceleration of 0.7g. The range of the displacements (maximum value of about 20 mm) was absolutely acceptable for this load condition. The maximum stresses were concentrated at the base of the tank, where it bolted to the subframe. Special precautions were adopted in this zone, such as the addition of suitable washers underneath the head of the bolts to distribute the stresses across a wider area. The images in Figure 4 illustrate the structure's first six natural-vibration modes. The first two modes involved the rigid body vibration of the structure, and the modal participation factors were about 40% of the total mass for the first mode (f1=35.4 Hz) and about 30% for the second mode (f2=35.7 Hz). The other vibration modes involved both the external walls and internal baffles of the tank (f3=89.9 Hz, f4=103.5 Hz, f5=108.6 Hz, f6=118.2 Hz). In the last case, the modal participation factors were low, about 2%-5% for all modes and therefore, they were not significant for the dynamic structural behaviour of the tank [43] . Values of the first natural frequencies were sufficiently high to avoid resonance phenomena induced by the stresses coming from the ground [44, 45] . The component was constructed with a series of plates in different thicknesses (i.e. 10, 20 or 30 mm) depending on the plate's position (30 mm for the bottom, 20 mm for the side walls, and 10 mm for the internal baffles). They were shaped in advance to allow them to be assembled together using interlocking joints to form a parallelepiped. Some plates were machined to produce the necessary apertures to allow the fluid to pass and dissipate its energy [41, 45] . The edges of the plates must be bevelled before welding, carried out with the aid of a special extruder. The assembly procedure allowed all plates to be welded in position. Special attention was also paid to the welding of the elements which secured the tank to the subframe since they were subjected to the most stress under all load conditions. This plate-based construction system made it easy to produce tanks of different sizes for ease of adaptation to the customer's needs. Figure 5 illustrates the tank in its final configuration, where it can be seen clearly that the structure consists of perimeter series plates connected to the internal baffles. The analyses performed indicated that the developed and designed tank was about 10% lighter than an equivalent tank made by using fibreglass and about 35% lighter than a tank made of conventional structural steel and/or stainless steel. Moreover, different tests were also performed to establish the mechanical characteristics of the material, especially for welds parts between the plates. The modular design approach using commercial plates was particularly interesting in this study. Furthermore, future development can also continue this approach for a new tank and to optimise the area between the longitudinal beams in the vehicle's chassis. This innovation could be very interesting to move down the centre of gravity of the tank and improve the handling of the entire vehicle. Figure 5 .. Final configuration of the tank of 7000 l (width=2500 mm, height=1600 mm, depth=1800 mm).
Economic Analysis
A comparative cost analysis was carried out in order to assess the economic sustainability of the developed firefighting vehicle tank. The production costs of a tank made of plastic material and stainless steel were quantified and compared. An environmental analysis was not conducted in this phase of the process but it is mandatory in the second phase in order to have a better understanding of the tank. In particular, the production process of the two tanks was different. On one hand, we had the moulding production process of PPC, while in the other, steel deformation and welding. Assuming the same quantity of tanks was produced (one firefighting tank) for each case, the components of the tank necessary for the production of the different parts/section were the same. Furthermore, we assumed that the differences in the two cases essentially occurred with regard to the materials used and operational costs. In Table 1 , the costs of the materials for the production of 1 firefighting tank were identified and quantified according to the average prices in the Italian context. In particular, for the plastic firefighting tank, PPC material and operational costs were considered. For the conventional steel firefighting tank, steel material and operational costs were considered. Manufacturing process steps are different (i.e., moulding vs welding and bending); in this direction, the manufacturing costs were different. The resulting cost for one conventional steel firefighting tank was 6134 €, while for the PPC was 4562 €. This result assures the economic sustainability of the PPC material developed, as it allows a cost saving of about 26%. The above figures depend on the mass balance of the components, whose main elements are shown in Table 2 . As can be seen, the steel material tank is almost 35% heavier than a plastic equivalent. A decrease in weight influences the environmental sustainability of the system. In fact, a heavier tank implies higher fuel consumption during transportation and it may anyway preclude several other applications. That is because, at the moment, the authors are working to identify a suitable alternative material to replace the initial material and provide a lighter firefighting tank. 
CONCLUSIONS
This paper considered the design of a new concept tank for firefighting vehicles, focusing on the importance of material used. This material selection, from a conventional stainless steel to plastic solution, involved complete review of the component's design, which was dimensioned and verified under the application of a wide range of load conditions. In conclusion, a modular construction approach was adopted, involving the production of internal plates for subsequent assembly in the final tank (interlocking joints/welds). This approach also gave a high degree of component modularity, making it very adaptable to the different requirements in terms of capacity and interfacing with the vehicle on which is installed in the tank. Moreover, this technological solution made feasible larger dimension and handling of the tank that otherwise could not be made with a steel/fibreglass solution. This preliminary study also presented a considerable lightning and reduction in weight. Indeed, the component designed provided a considerable reduction in weight of about 35% compared to an equivalent stainless steel tank with a cost saving of about 25-30%. The work was also still in the experimental phase since the first prototype to be used for the necessary trials was still under construction.
